The weak charge of the proton determines its coupling to the Z 0 boson. The distribution of weak charge is found to be dramatically different from the distribution of electric charge. The proton's weak radius RW ≈ 1.580 ± 0.033 fm is over 80% larger than its charge radius R ch ≈ 0.84 fm because of a very large pion cloud contribution. This large weak radius can be measured with parity violating electron scattering and may provide insight into the structure of the proton, various radiative corrections, and possible strange quark contributions.
The distributions of charge and magnetization provide crucial insight into the structure of the proton. Hofstadter in the 1950s determined that the charge distribution in the proton has a significant size ≈ 0.8 fm [1] , while experiments at Jefferson Laboratory have shown that the magnetization is distributed differently from the charge [2] [3] [4] . More recently, an experiment with muonic hydrogen has found a surprising value for the charge radius of the proton R ch [5] that is smaller than previous determinations with electron scattering or conventional hydrogen spectroscopy [6] . This proton radius puzzle has motivated considerable theoretical and experimental work and is presently unresolved [7] .
In addition to its electric charge, the proton has a weak charge Q p that characterizes the strength of the vector coupling to the Z 0 boson. The Jefferson Laboratory Q weak collaboration has recently measured Q p using parity violating electron scattering [8] , Q p = 0.0719 ± 0.0045 .
This value provides a sensitive test of the standard model at low energies, and the future P2 experiment aims to improve the accuracy further [9] . In the standard model, the weak neutral current is a mixture of the isovector weak and electromagnetic currents. As a result the Sachs form factor that describes the vector interaction of the Z 0 boson with the proton, G Zp E is related to the conventional electric form factors of the proton G p E and neutron G n E plus a possible strange
Here q 2 = −q 2 µ > 0 is the square of the momentum transfer and Q n is the weak charge of the neutron.
The distribution of weak charge in the proton is characterized by a size or root mean square radius R W that follows from the q 2 dependence of the form factor 4G Zp E (q 2 ). Using 
Here the neutron charge radius squared is R 2 n = −0.1148 ± 0.0035 fm 2 [11] , m N is the nucleon mass, and the nucleon's dimensionless strangeness radius squared ρ s is defined,
There have been several measurements of G Zp E and G s E using parity violating electron scattering, see for example [12, 13] . Recently the Q weak collaboration determined ρ s in addition to Q p [8] ,
We list in Table I values of the proton weak radius from Eq. 4. These involve the large ratio of the neutron to proton weak charges. At tree level Q n = −1 and Q p = 1 − 4 sin 2 Θ W ≈ 0.05. Including radiative corrections yields Q n = −0.9902 and Q p = 0.0710 [14] 1 . Note that Table I has two lines for the proton because of the proton radius puzzle. The second line (and the line for the neutron, see below) corresponds to the smaller R ch from muonic hydrogen. The ≈ ±0.033 fm error in R W , listed in Table I , is dominated by the ±0.11 error in ρ s from Eq. 6. As shown in Table I , the weak radius of the proton R W is over 80% larger than the charge radius R ch . We define the weak skin ∆R as the difference between the weak and charge radii ∆R = R W − R ch . The large value ∆R ≈ 0.7 fm shows that weak charges are more likely to be found at large distances from the origin than are electric charges.
The dramatic difference R W R ch is a major result of this paper. Why does the distribution of weak charge have a spatial extent that is much greater than the extent of the (electric) charge? We first present an explanation in terms of hadronic coordinates and then we present an alternative description in terms of quark coordinates. Consider a virtual transition p → n + π + . The weak charge of the pion Q π + = Q p − Q n = 1.061 is much larger than Q p . Therefore the pion "tail", present in the proton at large radius, "wags the dog" and makes a very large contribution to R W .
Another equivalent way to understand R W R ch is to consider the distribution of up and down quarks. The weak charge of a proton Q p is small because of a sensitive cancelation between the weak charges of two up quarks and the weak charge of one down quark. Therefore ρ W (r) is very sensitive to small differences between the distributions of up and down quarks. If the up quarks have a somewhat larger radius than the down quarks this will lead to R W R ch . We note that R W is sensitive to radiative corrections. If one evaluates R W in Eq. 4 with the tree level weak charges Q n = −1 and Q p = 0.05 the result is R W ≈ 1.8 fm. This is about 15% larger than the values in Table I . One should study further the impact of radiative corrections on R W .
For completeness, we also discuss the weak magnetic radius of the proton. The form factor describing the magnetic coupling of the Z 0 to the proton G Zp M has the same form as Eq. 2,
Since |Q n | Q p , we expect the weak magnetic radius of the proton to be close to the (conventional) magnetic radius of the neutron, and very different from R W .
To gain additional insight into R W R ch , we consider coordinate space representations related to the local charge or weak charge density. We define the function ρ W (r) as the three dimensional Fourier transform of
In the nonrelativistic limit ρ W (r) corresponds to the weak charge density of the proton. However relativistic effects can complicate this interpretation. We will consider a relativistic transverse density below [15] . For now ρ W (r) is defined by Eq. 8. We assume simple form factors
with the constants Λ = √ 12/R ch and a = −R 2 n /6 chosen to reproduce mean square radii. Of course more detailed form factors can be used, but we do not expect them to make qualitative differences. We neglect small strange quark contributions. This gives a simple analytic form for ρ W (r),
In Fig. 1 we plot the normalized function ρ W (r)/Q p . We see that ρ W (r) has a node near r = 0.4 fm. For reference, Fig. 1 also shows the function ρ(r) = Λ 3 e −Λr /(8π) determined from the Fourier transform of the proton electric form factor G p E (q 2 ). There are large differences between ρ W (r) and ρ(r). Note that the functions in Fig. 1 have been multiplied by r 2 to emphasize their large r behaviors. We now consider a relativistically consistent representation of the weak charge density of the proton provided by the transverse density ρ t W (b) [15] . This is the two dimensional Fourier transform of the weak F Zp 1 form factor,
Here τ = q 2 /4M 2 N and J 0 is a cylindrical Bessel function. We neglect strange quark contributions and use simple parameterizations of the form factors
The impact of more accurate fits, see for example [17] , should be explored. Figure 2 shows the transverse weak density ρ Note that small impact parameter b does not necessarily correspond to small radius r. The large differences seen in Figs. 1, 2 emphasize that the weak charge in a proton is distributed very differently from the electric charge. We plotted the normalized weak density ρ
In addition, we included a factor of Q p in the definition of R W on the left hand side of Eq. 3. One could make a different choice of normalization. For example the factor Q p could be omitted. This will change the magnitude of R W . However no matter the normalization, ρ t W (b) will still have a very different shape compared to ρ t (b). Our choice of normalization in Eq. 3, and the large values of R W in Table  I , correctly describe how far one must extrapolate down in q 2 in order for finite size effects to be small so that one can accurately measure Q p . IE one must extrapolate down in q 2 until q 2 R 2 W is small. For comparison, we now discuss weak radii for the neutron and heavier nuclei. The form factor describing the coupling of the Z 0 to the neutron is
Defining the neutron weak radius from
Given |Q n | Q p , the weak radius of the neutron, see Table I , is very close to the charge radius of the proton R n W ≈ R ch . For light N = Z nuclei such as the deuteron, 4 He or 12 C the weak radius of a nucleus is expected to be close to its charge radius. For mirror nuclei such as 3 He and 3 H the weak radius of 3 He should be close to the charge radius of 3 H and vise versa. For heavy nuclei with N > Z we expect a neutron skin with some of the extra neutrons collecting in the surface region so that the neutron radius is greater than the proton radius. As a result there will be a weak skin with R W > R ch . This has now been verified for 208 Pb, where R W has been measured in the PREX experiment [18, 19] , see Table I .
Clearly the weak skin of the proton is not produced by a neutron skin even though both the proton and 208 Pb have R W > R ch . Instead, the weak skin of the proton can be thought of as coming from an "up quark skin" rather than a neutron skin. The up quark skin describes an excess of up quarks at large radii in the proton. For example, a virtual π + cloud at large radii will increase the density of up quarks and reduce the net density of down quarks (minus down antiquarks) and produce an up quark skin. Thus, the proton could also be thought of as having a "pion skin".
We end by exploring if there are nuclei with R W R ch that might have weak skins at least somewhat comparable to the very large ∆R ≈ 0.7 fm of the proton. We consider two possibilities. The first is a neutron halo nucleus such as 11 Li where the neutron radius and R W may be dominated by the weakly bound neutron halo that extends to very large radii [20] . The second possibility is simply a very neutron rich nucleus. This nucleus will likely have a thick neutron skin (and hence weak skin) because of all of the "extra" neutrons.
It is interesting to consider Ca isotopes. The heaviest stable N = Z nucleus is 40 Ca where we expect R ch to be slightly larger than R W (∆R < 0) because the protons are pushed out by the Coulomb interaction. The CREX experiment should accurately measure R W for the doubly closed shell neutron rich isotope 48 Ca [21] . Here R W depends on poorly measured three neutron forces. Microscopic chiral effective field theory calculations predict a thin weak skin for 48 Ca, ∆R ≈ 0.13 fm [22] while dispersive optical model calculations predict a thick skin ∆R ≈ 0.25 fm [23] . Even more neutron rich Ca isotopes are expected to have thicker weak skins. Recently the isotopes 59 Ca and 60 Ca were observed at RIKEN [24] suggesting that very neutron rich Ca isotopes, perhaps up to 70 Ca, are particle stable. The nucleus 70 Ca, with 2.5 times more neutrons than protons, could have a very thick weak skin.
In conclusion, we have calculated the distribution of weak charge in the proton and find it to be dramatically different from the distribution of electric charge. The weak radius R W is over 80% larger than the charge radius R ch because of a very large pion cloud contribution. This large weak radius probes proton structure including differences between up and down quark distributions, and R W can be measured with parity violating electron scattering.
